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e probe the local inhomogeneities 
in the electronic properties of 
exfoliated graphene due to the presence of charged impurities in the SiO2 
substrate using a combined scanning tunneling and electrostatic force microscope. Contact 
potential difference measurements using electrostatic force microscopy permit us to obtain the 
average charge density but it does not provide enough resolution to identify individual 
charges. We find that the tunneling current decay constant, which is related to the local 
tunneling barrier height, enables one to probe the electronic properties of graphene distorted 
at the nanometer scale by individual charged impurities. We observe that such 
inhomogeneities do not show long range ordering and their surface density obtained by direct 
counting is consistent with the value obtained by macroscopic charge density measurements. 
These microscopic perturbations of the carrier density significantly alter the electronic 
properties of graphene, and their characterization is essential for improving the performance 
of graphene based devices. 
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1. Introduction 
The experimental realization of graphene by mechanical exfoliation of graphite on SiO2 
surfaces [1] has triggered a revolution in the design of electronic devices [2, 3] and chemical 
sensors [4, 5] because of the unique electronic properties [6-8] of graphene and its high 
sensitivity to the electrochemical environment [9]. Because of this high sensitivity, the 
electronic properties of graphene are strongly affected by substrate charged impurities [10, 
11] leading to a large device-to-device variation in performance [11]. The charged impurities 
present in the substrate create an inhomogeneous electrostatic potential landscape [12, 13] 
with a typical length scale of tens of nanometers. These potential fluctuations cause a position 
dependent Dirac point on the graphene layer, producing spatial carrier density variations 
referred to in the literature as electron-hole puddles [14, 15]. 
Recently, efforts were made to fabricate suspended graphene devices [16, 17] in order to 
reduce an undesired interaction with the substrate. This strategy resulted in an increase in 
device reproducibility and superior electronic properties, such as a carrier mobility which can 
exceed 5 22 10  cm / Vs . This improved performance shows the impact that substrate 
inhomogeneities have on the electronic properties of graphene [18]. Such a suspended 
geometry, however, increases the complexity of device fabrication. The development of 
alternative strategies and optimization of the fabrication of high performance and reproducible 
graphene based devices makes the study of the influence of charged impurities on the 
properties of graphene crucial. In recent publications Raman Spectroscopy [19] and 
Electrostatic Force Microscopy (EFM) [20] have been used to determine the density of 
charged impurities in graphene sheets. Although these experiments give a quantitative result, 
they do not provide a resolution sufficient to observe the effect of individual impurities on the 
properties of graphene. This has been achieved using a low temperature Scanning Tunneling 
Microscope (STM) to perform local tunneling spectroscopy [13]. Such a technique, however, 
cannot straightforwardly discriminate whether the local variation on the electronic properties 
of graphene is due to charged impurities or to graphene lattice defects [21] and demands a 
superior energy resolution requiring stringent cryogenic and ultrahigh vacuum conditions. 
This severely limits the use of this technique in the characterization of devices.  
In this article we present a technique which enables us to determine the role of charged 
impurities on the spatial distribution of carrier density inhomogeneities even at room 
temperature and ambient conditions. An STM is used to obtain the topography of graphene 
and concomitantly a map of the local variations of the electron tunneling barrier height, which 
we observe to be very sensitive to spatial fluctuations of the carrier density. That is, the 
incompletely screened electric field produced by charged impurities strongly influences the 
band structure of graphene, affecting its tunneling barrier height and thus the tunneling 
current decay constant  , which we find to be spatially modulated at a scale close to 1 nm. 
From a statistical analysis of the spatial variations of   in combination with EFM 
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measurements one can determine the sign and the surface density of charged impurities which 
are the origin of the inhomogeneous properties of graphene. 
This is the first time that the local changes of the tunnelling barrier height have been 
measured for an exfoliated graphene monolayer on top of SiO2/Si surfaces. The tunneling 
barrier height is related to the work function and plays an important role in a variety of 
physical and chemical processes taking place on the graphene surface [22, 23]. Therefore the 
determination of the local changes of the tunnelling barrier height can be of crucial 
importance to characterize graphene-based electronic devices and chemical sensors. 
Additionally, this measurement allows sufficient resolution to spatially map the effect of a 
single charged impurity on the local electrical properties of the graphene layer. A better 
understanding of the nanoscale interaction between the charged impurities and a graphene 
layer will provide alternative ways to unleash the full potential of graphene in devices and 
sensors.  
 
2. Sample preparation and characterization 
Graphene samples were prepared by cleavage of highly oriented pyrolytic graphite (HOPG) 
using silicone stamps [24] instead of adhesive tape to minimize sample contamination. 
Regions where the graphene is only few atomic layers thick were identified, at first instance, 
by optical inspection. Then the optical contrast of these regions, measured at 9 different 
illumination wavelengths, has been fitted to a Fresnel law model to obtain the exact number 
of graphene layers [25, 26] (see supporting information). This optical characterization 
technique has been combined with atomic force microscopy measurements to reliably 
determine the thickness of the graphene layers. The electrical contact to the graphene flakes 
was provided by shadow-mask evaporation of a 30 nm thick gold layer as described in 
ref.[27].  
In order to electrically characterize our graphene samples we used Electrostatic Force 
Microscopy (EFM) to sense the incompletely screened electric field caused by charged 
impurities measuring the contact potential difference ( CPDV ) of the graphene layers [20]. The 
contact potential difference (VCPD) measurements were carried out by placing the tip of our 
combined STM/AFM microscope about 20 nm above the surface of the graphene flake. We 
then applied a voltage ramp to the sample while measuring the resonance frequency shift of 
the force sensor, which is related to the electrostatic force gradient ∂F/∂z [28]. The force 
gradient (∂F/∂z) has a parabolic dependence with the tip-sample voltage and its vertex is at 
the voltage that counteracts VCPD (for more detailed description see supplementary 
information). 
 For increasing thickness of graphene flakes the electric field generated by the charged 
impurities is increasingly screened and the CPDV  approaches the bulk value [20, 29]. For small 
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thicknesses, the sign and magnitude of the deviation from the bulk value of the CPDV  ( CPDV ) 
is related to the sign and the density of the charged impurities [20]. The CPDV  decreases with 
flake thickness, as shown in Figure 1, indicating the presence of negatively charged impurities 
in the substrate. The maximum deviation of CPDV  is found for the monolayer graphene being 
CPD -0.46 0.03 VV    from which one can estimate [20] a surface density of negatively 
charged impurities on the order of 12 -210  cm . The presence of negative charged impurities in 
the SiO2 substrate is common in graphene field-effect transistor devices fabricated in air [18], 
showing a marked p-type behavior, and has been previously attributed to an interfacial defect 
or impurity layer [20]. Up to now, EFM experiments on exfoliated graphene have shown 
lateral resolution in the order of 50-100 nm which is not enough to resolve the effect of an 
individual charged impurity on the electronic properties of graphene. 
 
Figure 1. Dependence of the deviation from the bulk value of the 
CPDV  as a function of the flake thickness. This thickness 
dependence of the 
CPDV  is caused by the electric field originated by 
charged impurities in the substrate which is incompletely screened 
by thin flakes. The 
CPDV  measured in thin flakes is lower than the 
bulk value indicating the presence of negatively charged impurities 
in the substrate. 
 
3. Results and discussion 
Figure 2 shows the topography of a mechanically exfoliated graphite flake deposited on a 
285 nm SiO2/Si substrate obtained in the constant current STM mode. All STM measurements 
were acquired under ambient conditions with a homebuilt combined STM/AFM [30-32] 
microscope supplemented with a qPlus force sensor [33] (spring constant k ~ 12500 N/m, 
resonance frequency f0 ~ 32.1 kHz and quality factor Q ~ 4200) using carbon fiber tips [34]. 
The topography shows a region where diverse graphite thicknesses are found down to a single 
layer of graphene. One clearly notices that the thinner the layer the stronger the corrugation. 
The roughness average of the height coordinate z, given by
1
1 N
a j
j
R z z
N 
   (where N is the 
total number of pixels), is 0.13 0.03 nmaR    for the monolayer region and 
0.06 0.02 nmaR    for the multilayered regions. Previous studies have shown that the 
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corrugation of graphene includes two components [35]: one originating from the roughness of 
the SiO2 substrate [35, 36] and another from the intrinsic rippling of the graphene sheet [35, 
37]. Constant current STM images, such as Figure 2, reliably represent the surface topography 
only for samples with homogeneous electronic properties. Before concluding that this 
corrugation is purely structural one, thus, has to exclude spatial variations in its electronic 
properties. While metallic samples in general satisfy this demand, this is not straightforward 
for an atomically thin layer of graphene, since even for the cleanest of sample fabrication 
techniques [38] one cannot rule out the presence of charged impurities close to the graphene 
layer [13]. Such impurities will induce a local carrier doping which modifies the electronic 
properties of the graphene layer at the nanometer scale [13, 39]. 
 
Figure 2. Constant current STM topography (590 nm x 750 nm) of an 
exfoliated graphite flake deposited on a 285 nm SiO2/Si substrate. The 
STM parameters are tunneling current 0.8 nAI   and bias voltage 
sample 0.1 VV  . The number of graphene layers of the different regions 
in the flake has been determined by the combination of AFM 
measurements with quantitative optical microscopy. The measured 
roughness is significantly larger in the monolayer than in the 
multilayer regions. 
 To probe the presence of these impurities and their impact on the electronic properties of 
graphene an additional and independent measurement is required. It has been shown that the 
presence of charges on a substrate can be detected by measuring the local tip-sample 
interaction [40, 41]. The AFM capability of our combined STM/AFM has been used to 
measure the tip-sample interaction, simultaneously with the STM topography, using the 
frequency modulation AFM mode [42]. The topography and the tip-sample interaction 
simultaneously measured on top of the single graphene layer can be seen in Figure 3a and 3b 
respectively. Charged impurities in the substrate, which cause an attractive electrostatic 
interaction between tip and sample, appear as dark dips in Figure 2b. When comparing both 
images in Figure 3 it can be clearly observed that a bright hillock in the apparent topography 
of the sample is frequently accompanied by such a dip in the tip-sample interaction (see the 
arrows in Figures 3a and 3b). To quantify this similarity between the two images we calculate 
their normalized cross correlation (Figure 3c) which shows a minimum at the origin with a 
value of -0.7 with a Full Width at Half Minimum (FWHM) of 10 nm.  The presence of such a 
narrow and prominent negative peak at the origin of this plot implies a strong anti-correlation 
between Figure 3a and 3b. The anti-correlation between the topography by STM and the tip-
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sample electrostatic interaction indicates that there is a contribution to the apparent 
corrugation which is due to the inhomogeneous electronic properties of graphene induced by 
the presence of subsurface charged impurities. We find that this contribution can be the 
dominant source of the apparent corrugation which can be additionally influenced by the 
substrate roughness [35, 36] and the intrinsic rippling of graphene [35, 37]. 
On the other hand, if we simultaneously measure the tip-sample interaction (Figure 4b) with 
the topography (Figure 4a) on top of a multilayer region, we do not observe these strong 
localized inhomogeneities in the tip-sample interaction image. Indeed, the calculated cross-
correlation between the topography and tip-sample interaction images (Figure 4c) shows less 
pronounced anti-correlation than for the single graphene layer, see Figure 3c. There is only an 
ill-defined peak, slightly displaced from the origin, with a value of -0.4 and a FWHM of 26 
nm. Because of this weak anti-correlation one can conclude that the topographic corrugation 
on the multilayer region is less influenced by the presence of the charged impurities as they 
are more effectively screened which is in agreement with the EFM measurements shown in 
Figure 1.  
 
Figure 3. (a) Constant current STM topography of the single layer region marked by the dashed square (270 nm x 270 nm) in 
Figure 1. The image has been obtained in dynamic STM mode with time averaged tunneling current 0.8 nAI  , bias 
voltage 
sample 0.1 VV   and tip oscillation amplitude osc RMS0.2 nmA  . (b) Tip-sample electrostatic interaction simultaneously 
measured during the STM topography scan. The presence of charged impurities in the substrate locally causes an attractive 
tip-sample electrostatic interaction which can be identified as well-defined dark spots in the tip-sample interaction image. The 
arrows mark some bright hillocks in (a) and their corresponding dips in (b), indicating a high degree of anti-correlation 
between these two images. (c) Calculated normalized cross-correlation between the STM topography and the tip-sample 
interaction used to quantify the relationship between them. The presence a marked negative peak at the origin of (c) proves 
the anti-correlation between the topography and the tip-sample interaction images and indicates that the STM topography of 
graphene is affected by the presence of subsurface charges. 
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Figure 4. (a) Constant current STM topography of the multilayer graphene region marked by the solid square (190 nm x 190 
nm) in Figure 1 obtained in dynamic STM mode. The dynamic STM parameters are time averaged tunneling current 
0.8 nAI  , bias voltage sample 0.1 VV   and tip oscillation amplitude osc RMS0.2 nmA  . (b) Tip-sample electrostatic 
interaction measured simultaneously during the STM topography scan. The absence of marked inhomogeneities in the tip-
sample image indicates that the electric field originated by the subsurface charges is completely screened. (c) Calculated 
normalized cross-correlation between the STM topography and the tip-sample interaction which shows a less pronounced 
anti-correlation than for the single graphene layer.  
Because the electrostatic forces acting between tip and sample are long range the lateral 
resolution is insufficient to individually resolve the charges and their effect on graphene. We 
therefore employ an STM-based technique [43] which benefits from the exponential 
dependence of the tunneling current ( - zeI  ) upon the tip-sample distance (z). It therefore 
constitutes a convenient probe to measure the local variations of the electronic properties of 
graphene induced by charged impurities.  
We observe that the tunneling current decay constant (  ) is strongly influenced by the 
presence of subsurface charges [44, 45] and the lateral resolution is sufficient to identify 
individual carrier inhomogeneities in graphene. The physics that is at the basis of this can be 
understood as follows: the presence of negatively (positively) charged impurities causes an 
electric field which effectively shifts the energy of the bottom of the band by an amount E . 
This effect reduces (increases) the apparent tunneling barrier height, app  (Figure 5c). This 
barrier height change can be modeled as  app graphene tip 2E      where graphene  and 
tip  are the graphene and the tip work function respectively. The associated tunneling decay 
constant then changes according to 
app2 2m    (m is the electron mass and  is the 
reduced Planck constant). To measure   we use the dynamic STM operation mode [46] in 
which the tip-sample distance ( z ) is modulated at sub-nanometer oscillation amplitude and 
the tunneling current oscillation amplitude ( I ) is measured using a homemade current-to-
voltage converter with a bandwidth > 30 kHz. From this, one can obtain  I z I      with 
I  the time averaged tunneling current. While the measurement of   can also be done by 
the standard operation mode in which one records a map of current versus distance traces at 
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every point of the image, we opt for this dynamic STM scheme which allows to scan at 
regular speed, and facilitates the simultaneous measurement of the interaction force by 
dynamic AFM. The dynamic STM measurements were carried out by keeping the time 
averaged tunneling current constant with a feedback control loop while the tip oscillates at the 
resonance frequency of the qPlus sensor. The tip oscillation amplitude was 0.2 nmpp. 
Variations of the resonance frequency of the qPlus sensor were measured with the phase 
locked loop of a Nanonis OC4 Oscillation Controller. The tunneling current decay constant, 
β, has been obtained from the derivative of the tunneling current against the tip-sample 
distance (β = (∂I/∂z)/I), measured with a lock in amplifier SR830 Stanford Research Systems 
(schematic diagrams of the experimental setup can be found in the supplementary 
information). In order to calibrate the tunneling current decay constant, measured by dynamic 
STM, we have employed quasi-static current vs. distance traces measured in a multilayer 
region. In this region the tunneling decay constant measured by both the quasi-static current 
vs. distance experiments and dynamic STM shows a well-defined value, providing the 
calibration (See supporting information). 
 
Figure 5. (a) Spatial variation of the tunneling current decay constant   on graphene (over an area of 270 nm x 270 nm) 
simultaneously measured with the STM topography and the tip-sample electrostatic interaction shown in Figures 2a and 2b 
respectively. The image has been obtained in dynamic STM mode ( 0.8 nAI  , sample 0.1 VV 
 and 
osc RMS0.2 nmA 
). The   
image shows strong localized inhomogeneities (marked with white crosses) caused by the local modification of the tunneling 
barrier due to the presence of individual subsurface charges. (b) Radially averaged two dimensional autocorrelation function 
( )g r  of the tunneling decay constant   image in (a) used to statistically analyze the distribution of localized 
inhomogeneities. The obtained average spacing between dips is 20 nm and their average radius is 5 nm. The lack of a well-
defined periodic oscillation of ( )g r  indicates the absence of long-range ordering in the distribution. (c) Simplified one 
dimensional tunneling diagram which illustrates the modification of the tunneling barrier caused by the electric field 
originated by a negative charged impurity in the substrate. The band structure of graphene shifts upwards, effectively 
reducing the apparent tunneling barrier height and thus the tunneling decay constant.  
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Figure 5a shows the spatial variation of   for a single graphene layer simultaneously 
measured with the STM topography (Figure 2a) and the tip-sample electrostatic interaction 
(Figure 2b). The   image shows a low average value ( -15.2 0.4 nm ), typical of STM 
operation in air [47], and localized inhomogeneities (identified as dips in the   image) 
caused by local doping induced by negative charged impurities (Figure 5c). Considering that 
each dip in the   image is due to the presence of one individual negative charge we can 
estimate the density of charged impurities by tentatively counting the number of depressions 
in a given area, resulting in an impurity density   11 -22.9 0.6 10  cm    . A more objective 
procedure to statistically analyze the short-range ordering [48] and spatial variation of   is to 
obtain the radially-averaged autocorrelation function ( )g r , shown in Figure 5c. The typical 
radius FWHMr  at half minimum of the localized inhomogeneities is obtained from the radial 
distance at which the value of ( )g r  is 0.5, which yields FWHM 4.7 1.1 nmr   . The 
inhomogeneities do not show long range ordering and the mean spacing between them is 
22 2 nmd   , determined from the position of the first maximum of ( )g r [48], which 
corresponds to a charge density    
21 11 -2/ 2 2.6 0.5 10  cmd 
    . When this measurement 
is carried out in the multilayer region one obtains a nearly constant value of   without spatial 
inhomogeneities (see Supplementary information) which indicates that the electric field 
induced by the charged impurities is screened by the layers. These results are agreement with 
the EFM measurement shown in Figure 1 and with the combined STM/AFM measurements 
shown in Figures 3 and 4. 
We have also check the cross-correlation between the apparent roughness of the graphene 
surface, measured in constant current STM mode and the presence of the inhomogeneities in 
the   maps, finding that the   maps in graphene are anti-correlated with the STM 
topography (see Supplementary Information). Therefore the observed   inhomogeneities 
induced by charged impurities are responsible for an apparent STM-measured topographic 
roughness, as that shown in Figure 3a, unrelated to substrate roughness.  
 
4. Summary 
We have studied the effect of subsurface charged impurities on the local electronic 
properties of graphene deposited by mechanical exfoliation on silicon oxide. We have 
employed a combined STM/AFM which allows for simultaneous measurement of sample 
topography, tip-sample electrostatic forces and tunneling current decay constant and to study 
their correlation.  The sign and density of the substrate charged impurities have been obtained 
from the measurement of the contact potential difference of graphene using electrostatic force 
microscopy, but this operation mode does not provide enough lateral resolution to probe the 
effect of an individual charged impurity on the electronic properties of graphene. We have 
found that the tunneling current exponential decay constant, related to the local tunneling 
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barrier height, is very sensitive to the presence of subsurface charges and is spatially 
inhomogeneous. Consequently the apparent topography measured in constant current STM 
images is not only related to the roughness of graphene but also dependent on the spatial 
distortions of the electronic structure of graphene. The local tunneling decay constant image 
shows a distribution of localized inhomogeneities which are related to the presence of 
negative subsurface charges. In the studied samples these inhomogeneities do not show long-
range ordering and their average spacing is 22 nm with an average radius of 5 nm. The 
average charge density obtained from the electrostatic force microscopy measurements is 
consistent with the charge density that can be obtained by counting the number of spots in the 
graphene layer where its local tunneling barrier height is strongly distorted. Such local 
tunneling decay constant measurements are robust making them attractive for high resolution 
microscopic characterization of graphene devices. 
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Electrodes deposition 
As graphene consists of a single atomic layer it is particularly sensitive to surface 
contaminants. It has been reported how the contamination produced by the lithography 
processes can cover up to a 30% of the graphene surface
[1]
 and in some cases it can make 
impossible to achieve atomic resolution STM images.
[2]
 This fact has motivated the 
development of annealing techniques
[2-4]
 to clean the graphene surface after sample 
fabrication. Another strategy to avoid the contamination of the graphene during the 
lithography is using a lithography-free technique to deposit electrodes on the graphene 
samples. Different procedures have been developed in the last years such as shadow mask 
evaporation,
[5]
 stencil mask evaporation
[6]
 and direct microsoldering.
[7]
 We have used the 
shadow mask evaporation technique described in ref.
[5]
. 
 
A 7 µm in diameter carbon fiber, obtained from a carbon fiber rope, was placed onto the 
flake of interest using a 3-axis micropositioner. After the fiber is located in the desired region, 
another carbon fiber can be placed over the first one forming a cross-shaped shadow mask. 
Figure S1a shows an example of a few layers graphene flake covered by a shadow mask 
formed by two crossed carbon fibers. After that, a 30 nm thick gold film has been thermally 
evaporated creating 4 electrodes which are shown in Figure S1b. We have found this cross-
shaped geometry very useful for the positioning of the STM tip at the desired region. 
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Figure S1: (a) Few layers graphene flake deposited on 285 nm SiO2 layer. Two crossed carbon fibers 
cover part of the flake to form the shadow mask. (b) Gold electrodes deposited by thermal 
evaporation of 30 nm of gold. 
Sample characterization 
In order to identify the number of graphene layers in a fast and non-destructive way we 
have quantitatively analyzed optical microscopy images of the samples. First, fabricated 
samples have been inspected under a Nikon Eclipse LV-100 optical microscope using a 50× 
objective with 0.8 numeric aperture to locate the thinnest flakes. Then the optical contrast of 
these flakes has been measured
[8]
 using an EO-1918C 1/1.8" camera from Edmund Optics and 
nine narrow bandpass filters to select specific illumination wavelengths in the visible 
spectrum. The thickness of these flakes has been obtained from a fit of the optical contrast 
experimental values to a Fresnel law based model
[9]
 in where the only free parameter is the 
number of graphene monolayers. Figure S2 shows the measured optical contrast for three 
flakes with different thicknesses. A careful comparison between the thickness obtained by this 
procedure and the one measured by means of atomic force microscopy reveals that the 
thickness measured by AFM is systematically 0.4 nm larger which is compatible with the 
presence of a layer attributed
[10]
 to adsorbed water under the flake. 
 
Figure S2: (a) Optical contrast vs. illumination wavelength measured for three flakes with different thicknesses. From the fit 
to the Fresnel law model (solid lines) we estimate their number of graphene layers n. The traces corresponding to n=1,2,3 
have been vertically displaced for clarity by 0,-0.025 and -0.05 respectively. (b) Optical contrast maps measured for 6 
different illumination wavelengths, all sharing the same contrast bar for easier comparison. 
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Contact potential difference measurement 
To measure the contact potential difference we first place the STM/AFM tip about 20 nm 
above the surface of the graphene flake. We then apply a voltage ramp to the sample while 
measuring the resonance frequency shift of the force sensor, which is related to the 
electrostatic force gradient ∂F/∂z by 
 
 
 
2
2
DC CPD2
1
2
C zF
V V
z z

   
 
, 
where C is the tip-sample capacitance, VDC is the tip-sample bias voltage and VCPD is the 
contact potential difference due to the different work function (Φ) of tip and sample. 
The force gradient (∂F/∂z) has a parabolic dependence with the tip-sample voltage and its 
vertex is at voltage that counteracts VCPD. Thus, placing the tip on areas with different 
thickness and measuring the parabolic dependence of the force gradient with the tip-sample 
voltage one can obtain the relationship between the VCPD and the number of graphene layers 
(see Figure S3). 
  
STM/AFM measurements on graphene flakes 
By using a combined STM/AFM we can study the electronic properties of conductive 
nanopatches eventhough they are deposited on top of insulating surfaces. First, the carbon 
fiber tip is located on top of the desired graphene flake with the help of a long working 
distance optical microcope.
[11]
 After that, we make use of the AFM capabilities of our 
combined STM/AFM to scan the region under study. The AFM measurements have been 
carried out in the frequency modulation mode (FM-AFM) using the oscillation amplitude as 
feedback signal (see Figure S4) to keep the tip sample distance constant and obtain the sample 
topography (see Figure S5a). In this way the changes in the resonance frequency, related to 
changes in the tip-sample interaction, can be simultaneously measured by means of a phase 
 
Figure S3:  Electrostatic force gradient as a function of the 
applied tip-sample bias voltage, measured in two regions 
with different number of graphene layers. In the monolayer 
graphene region, the voltage of the parabola vertex is lower 
than in the multilayer region. We conclude, therefore, that in 
our sample the contact potential difference measured for 
graphene is lower than for the multilayer. (Insert) 
Topography in FM-AFM mode of the studied graphene 
flake. 
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locked loop PLL (Figure S5b). This change in the resonance frequency has been used to 
distinguish the SiO2 from the flake regions because of their different tip-sample interaction.  
Once the flake region is identified, more detailed AFM topography images are used to 
determine the thickness of the different areas in the flake as shown in Figure S5c-d. Before 
the combined STM/AFM measurement starts the tip is positioned onto the flake, which is 
electrically contacted by a gold electrode, and the scan range is reduced (dashed square in 
Figure S5c) in order to avoid the tip reaching the insulator substrate which would result in a 
tip crash that degrades the sample and/or tip irreversibly. 
 
 
Figure S4:  Schematic diagram of the experimental setup used in the AFM measurements of the topography of graphene 
crystals. The tuning fork based force sensor, in qPlus configuration, is mechanically excited by a dither piezoelectric actuator. 
The piezoelectric current generated by the oscillation of the (free) prong is preamplified by a current-to-voltage converter 
(gain × 108). The converter is connected to a Nanonis OC4 Oscillation Controller with a phase locked loop (PLL) and an 
automatic gain control (AGC).  The output of OC4 Nanonis provides an excitation signal, which is connected to the dither 
piezo, at the resonance frequency of the sensor (f + Δf) and phase shifted 90° with respect to the oscillation of the prong. 
Furthermore we have two signals: one proportional to the change in resonant frequency Δf (relative to the free resonance 
frequency f) and the excitation voltage Vexc. The last signal is fed into a feedback loop controller (PID) which is responsible 
for adjusting the tip-sample distance to maintain the value of Vexc constant at a reference value set by the user. 
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The STM topographic images were acquired using the dynamic STM mode, keeping the 
time averaged tunneling current constant while the tip oscillates at the resonance frequency of 
the  qPlus sensor
[12]
 (~ 32.1 kHz), see Figure S6. The tip oscillation amplitude was 
RMS0.2 nm . Variations in the resonance frequency of the qPlus sensor were measured with the 
phase locked loop of a Nanonis OC4 Oscillation Controller. These resonance frequency shifts 
are related to the tip-sample force gradient.
[12]
  The tunneling parameters were: a time 
averaged tunneling current of 0.8 nA and a bias voltage at the sample side of +100 mV.  
 
Figure S5: (a) FM-AFM topography of a flake 
containing a variable number of graphene layers 
deposited on top of a 285 nm SiO2/Si surface. (b) 
Simultaneously measured frequency shift which can 
be used to discriminate the substrate from the flake 
regions. (c) A more detailed AFM topography of the 
region marked by a dashed square in (a). (d) Height 
profile along the dashed line in (c) showing a region 
with a thickness of 0.75 0.1 nm  compatible with 
the thickness of graphene measured with AFM. 
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Figure S6: Schematic diagram of the experimental setup used in the combined STM/AFM measurements. A current-to-
voltage converter (gain ×109) is connected to the graphene crystal through a gold electrode to measure the tunneling current 
(It) between tip and sample. The converter output is fed into a feedback control circuit (PID) that adjusts the tip-sample 
distance to maintain the value of the tunneling current It constant at a reference value set by the user. Simultaneously with the 
STM mode operation, the qPlus sensor is mechanically excited with a piezoelectric actuator. As the resonance frequency of 
the qPlus is well above the time constant of the feedback control loop, it can not follow the oscillation of the tip and keeps 
constant the time averaged tunneling current during the oscillation.[13, 14] The piezoelectric current generated by the 
oscillation of the (free) prong of the qPlus sensor is preamplified by a current-to-voltage converter (gain ×108). The converter 
is connected to a Nanonis OC4 Oscillation Controller with a phase locked loop (PLL) and an automatic gain control (AGC).  
The output of OC4 Nanonis provides an excitation signal, which is connected to a dither piezo, at the resonance frequency of 
the sensor (f + Δf) and phase shifted 90° with respect to the oscillation of the prong. The change in resonant frequency Δf 
(relative to the free resonance frequency f) is measured. This signal is proportional to the force gradient acting between tip 
and sample during the scan.  In addition, a lock-in amplifier SR-830 Stanford Research is used to obtain the derivative of the 
tunneling current against the tip-sample distance (dI /dz), which can be related to the tunneling current decay constant β. 
 
The tunneling current decay constant,  , has been obtained from the derivative of the 
tunneling current against the tip-sample distance ( /dI dz ), measured with a lock in amplifier 
SR830 of Stanford Research Systems:  /dI dz I   , with I fixed to 0.8 nA during the 
scan due to the feedback control loop. 
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Calibration of the tunnelling decay constant measurement 
We construct the local tunnelling decay constant maps by dividing the (dI /dz) map by the 
tunneling current I measured during the scan (almost constant due to the feedback control 
loop). We have found very convenient to use quasi static current vs. distance traces to 
calibrate these maps and thus to obtain quantitative values of the local tunneling decay 
constant. First, we measure several tens of current vs. distance traces on a multilayer region (> 
10 layers). In this region the current shows an exponential dependence with the tip-sample 
distance with a well-defined value of the tunneling decay constant 15.3 nm  . Figure S7a 
shows the average of 20 current vs. distance traces measured at different spots on a multilayer 
region (> 10 layers). Second, we measure the local tunneling decay constant in the dynamic 
STM mode (Figure S7c) which shows a nearly constant value. Then we calibrate the β map, 
measured by dynamic STM, in order to make its mean β value equal to 15.3 nm . 
If we repeat this experiment in a monolayer region we observe that the current vs. distance 
traces depend exponentially on the tip-sample distance but the decay constant shows a larger 
fluctuation in different regions of the monolayer β ~ (4.3-5.3) nm-1 (Figure S7b). In principle 
this inhomogeneity of the local tunneling decay constant can be probed by making a map of 
current vs. distance traces. However, this measurement is much slower than the dynamic STM 
measurement and thus the effect of the thermal drift is more severe in this kind of 
measurement. If we measure the local tunneling decay constant map with the dynamic STM 
mode (Figure S7d), using the calibration constant previously determined, we can observe how 
the value β is locally inhomogeneous and indeed varies from 14.3 nm  to 15.3 nm . 
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Cross-correlation between topography and β maps 
 
Figure S8: (a) Calculated normalized cross-correlation between the STM topography and the β map measured in the 
monolayer region shown in Figure S7(b). (b) Calculated normalized cross-correlation for the multilayer region shown in 
Figure S7(a). The well-defined anti-correlation obtained for the monolayer region indicates that the presence of the electronic 
inhomogeneities affects the STM topography. For the multilayer, the electric field generated by the charged impurities is 
screened and thus the topography is less affected by the presence of such impurities (weak correlation between the  STM 
topography and the β map). 
 
Figure S7: (a) Average of 20 current vs. distance traces measured at different spots on a multilayer region (>10 layers). (b) 
Two average current vs. distance traces measured at different sports on a graphene monolayer (with high and low tunneling 
decay constant). (c) Local tunneling decay constant map measured on the multilayer region, calibrated with the quasi static 
current vs. distance traces. The inset in (c) shows how the map presents a nearly constant value of the tunneling decay 
constant. (d) Local tunneling decay constant map measured on the monolayer region, using the calibration determined from 
the measurement on the multilayer region. 
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